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PROJECT 5005: BAND STRUCTURE O F  GALLIUM PHOSPHIDE 

National  Aeronautics and Space Administrat  i on  
Grant N s G  555 
P r o j e c t  Leader: J. L. Moll 
S t a f f :  R.  C. Eden 

The o b j e c t i v e  of t h i s  p ro j ec t  is t h e  experimental  de t e rmina t ion  of 

t h e  e l e c t r o n i c  band s t r u c t u r e  of gal l ium phosphide over a wide range of 

temperature .  

The i n v e s t i g a t i o n  of t h e  band s t ruc ture  of t h i s  m a t e r i a l  w i l l  con- 

sist  of t h r e e  a reas  of e f f o r t :  

t ion i n  t h e  r eg ion  of t h e  band edge,  

r e f l e c t i v i t y  of t h e  m a t e r i a l  i n  t h e  vacuum u l t r a v i o l e t ,  and 3) t h e  

measurement of photoemission from t h e  m a t e r i a l  i n  t h i s  same range of 

photon energy. The second and t h i r d  p o r t i o n s  of t h i s  e f f o r t  a r e  j u s t  

being begun w i t h  t h e  cons t ruc t ion  of a chamber for  r e f l e c t i v i t y  measure- 

ments and a p re l imina ry  photoemission tube  now i n  p rogres s .  The f i r s t  

a r e a  is  e s s e n t i a l l y  completed and is desc r ibed  h e r e i n .  

1) t h e  measurement of t h e  o p t i c a l  absorp- 

2)  t h e  measurement of t h e  o p t i c a l  

A .  OPTICAL ABSORPTION O F  GALLIUM PHOSPHIDE NEAR THE ABSORPTION EDGE 

I n  t h i s  r e p o r t ,  t h e  theory of t h e  o p t i c a l  abso rp t ion  of an i n d i r e c t  

semiconductor near  t h e  band edge is  reviewed f o r  a comparison wi th  
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experimental  r e s u l t s .  Equipment is desc r ibed  f o r  t h e  measurement of t h e  

t ransmiss ion  of c r y s t a l s  a t  temperatures up t o  900 O K  and t h e  r e s u l t s  of 

pre l iminary  measurements made on a ga l l ium phosphide c r y s t a l  a r e  pre-  

s e n t e d .  The band gap is found t o  vary  a s  a f u n c t i o n  of temperature  a s  

E = 2.312 - 4.2  X 10 T e l ec t ron  v o l t s  where T is i n  degrees  Kelvin 

The energy of t h e  phonon (or combination of phonons) involved i n  t h e  

t r a n s i t i o n  is found t o  be about 0.034 e v  f o r  tempera tures  i n  t h e  200 OK 

t o  600 OK range.  

-4 

g 

B.  THEORY 

The t h e o r e t i c a l  a n a l y s i s  of t h e  o p t i c a l  p r o p e r t i e s  of i n d i r e c t  s e m i -  

conductors  has  been c a r r i e d  out  by a number of workers [Ref .  11. In  a 

photon-induced t r a n s i t i o n  between a va lence  band maximum at k = 0 and a 

conduct ion band minimum a t  

or absorbed i n  t h e  process  i n  o rde r  t o  conserve  momentum. S ince  t h e  

p r o b a b i l i t y  of t h e  process  going wi th  t h e  abso rp t ion  of a phonon is pro- 

and t h e  p r o b a b i l i t y  of p o r t i o n a l  t o  t h e  number of phonons p r e s e n t ,  

phonon emiss ion  is p ropor t iona l  t o  Ns + 1, 

f o r  t h e  m a t e r i a l  nea r  t h e  band edge should vary  as 

km # 0, a phonon (or phonons) must be emi t t ed  

NS 
t h e  abso rp t ion  c o e f f i c i e n t  

ahv = cons t  [N (hv - E + E ) 2  + (Ns + l ) ( h v  - E - E I ” ]  
S g Ph ph (1) 

where hv is  t h e  photon energy, a t h e  abso rp t ion  c o e f f i c i e n t ,  E 

t h e  energy gap,  and E t h e  energy of t h e  a s s i s t i n g  phonon. 
g 

Ph 
The number of phonons of energy E is g iven  by 

Ph 

1 
N s = N  . E T - -  

ph - 1 e 

which s u b s t i t u t e d  i n t o  Eq. (1) g ives  

2 2‘ h v - E  + E  

-E /kT 
Ph - 1  1 - e  

ahv = cons t  

lSmi th ,  Semiconductors,  Cambridge P res s ,  London, pp.  201-210 
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Expanding (3) and w r i t i n g  it in  t e r m s  of t h e  hyperbol ic  cotangent  w e  have 

S ince  

E E 
c o t h  - (hv - E - E t a n h  - 2kT g Ph 2kT 

Ph Ph)2  

E 
ph 2(hv - Eg) Eph ph 2 2kT Ph ’ 

E 

2kT 
+ E t a n h  - 

(5) 

2 = (hv - E ) c o t h  - - 
g 

w e  may approximate ( 4 )  by ( 5 )  in  t h e  h igher  abso rp t ion  reg ion  where 
E E 

2kT 
2 Ph 

E 
ph >> E ( co th  - - t anh  g) . Hence f o r  hv s o m e -  2 

c o t h  - 
2kT Ph 

(hv  - Eg’ 

what g r e a t e r  t han  E + E w e  have 
g Ph 

E E 2  
Uhv = A(coth *)(hv - E - E t a n h  *) f o r  hv > E + E . 

2kT g Ph 2kT g Ph 

( 6 )  

For photon e n e r g i e s  between E - E and E + E t h e  second t e r m  

i n  Eq. (1) and Eq. (3) is z e r o  and w e  have 
g Ph g Ph 

2 
( h v - E  + E  ) 

f o r  E - E  < h v < E  + E  g Ph 
E /kT g Ph g Ph 

ph - 1 

ahv = A 

( 7 )  
e 

where A i s  t h e  same cons tan t  a s  i n  (6). For photon e n e r g i e s  below 

E - E  t h e  abso rp t ion  should be z e r o  
g Ph’ 

F r o m  Eq. ( 6 )  and Eq. ( 7 ) ’  we see a p l o t  of (Clhv)1/2 vs hv should  

c o n s i s t  of t w o  s t r a i g h t  l i n e  segments a s  shown i n  Fig.  66. If both 

segments of t h i s  curve  a r e  exper imenta l ly  observed a t  a s i n g l e  tempera- 

t u r e  then  t h e  va lue  of t h e  energy gap and a s s i s t i n g  phonon e n e r g i e s  may 

be c a l c u l a t e d  from t h e  i n t e r c e p t s  w i th  t h e  clhv = 0 a x i s .  I f  on ly  t h e  

h ighe r  abso rp t ion  segment of t h e  curve  is expe r imen ta l ly  observed,  t h e n  
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THEORETICAL BAND EDGE ABSORPTION CUh;rE 
FOR AN INDIRECT SEMCONDUCTOR / 

PHOTON ENERGY hu 

FIG. 66. THEORETICAL (Crhv)”’ vs hv CURVE. 

E and E may s t i l l  be obtained i f  measurements are c a r r i e d  out over  

a range of tempera tures .  The method of doing t h i s  is  t o  observe t h a t  t h e  

1/2 curve  should be p ropor t iona l  t o  ( c o t h  E /2kT) s l o p e  of t h e  ( ahv)  

and hence t h e  va lue  of E is s e l e c t e d  which best f i t s  t h e  measured 

s l o p e  v s  temperature  r e l a t i o n .  Knowing t h e  va lue  of E 

c a l c u l a t e  t h e  va lue  of E as  a f u n c t i o n  of temperature  from t h e  i n t e r -  

cep t  of t h e  curve.  

g Ph 

1/2 
Ph 

Ph 
one may 

Ph ’ 
g 

C . RlEASUKEMENT EQUIPMENT 

The experimental  measurements w e r e  c a r r i e d  out  on ga l l ium phosphide,  

a semiconductor of s p e c i a l  i n t e r e s t  f o r  i t s  p o s s i b l e  use a t  h igh  tempera- 

t u r e s .  Because of t h i s  poss ib l e  h igh  tempera ture  a p p l i c a b i l i t y ,  it was 

decided t o  s tudy  t h e  m a t e r i a l  over a temperature  range of from -50 “ C  

up t o  600 ‘C. 

minat ion of E and E as desc r ibed  p rev ious ly ,  good o p t i c a l  equip- 

ment combined wi th  c l o s e  temperature c o n t r o l  of t h e  sample is e s s e n t i a l .  

In a d d i t i o n ,  f o r  t h e  higher  temperatures  t h e  sample must be p ro tec t ed  

from d e t e r i o r a t i o n  by oxida t ion ,  e tc .  

I n  o rde r  t o  c a r r y  out u s e f u l  measurements f o r  t h e  d e t e r -  

Ph g ’  

In order  t o  s a t i s f y  t h e s e  measurement requi rements ,  a vacuum dewar 

wi th  a temperature-feedback-controlled sample h e a t e r  was cons t ruc t ed  f o r  

use  i n  t h e  C a r y  Model 14 recording spectrophotometer .  The c e n t e r  t ube  
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of t h e  dewar i s  f i l l e d  with l i q u i d  n i t r o g e n  t o  ac t  as a cooiant  f o r  

below-room temperature  measurements and as a "cold f i n g e r "  t o  maintain 

a b e t t e r  vacuum. The gal l ium phosphide d i sc  is  mounted i n  a steel t u b e  

( f o r  a constant- temperature  environment) which is  l o o s e l y  the rma l ly  

coupled t o  t h e  c o l d  f i n g e r .  Two thermocouples a r e  mounted near  t h e  

sample i n  t h e  t u b e ;  one i s  used t o  monitor t h e  sample temperature  and 

t h e  o t h e r  t o  provide t h e  temperature feedback f o r  t h e  temperature-control  

mechanism. 

and is d r iven  by a t r a n s i s t o r  a m p l i f i e r .  The feedback control mechanism 

provides  a s t a b l e  sample temperature which may be e a s i l y  kept w i t h i n  a 

degree of any d e s i r e d  temperature.  

The h e a t e r  is wrapped around t h e  o u t s i d e  of t h e  sample t u b e  

D. EXPERIMENTAL RESULTS 

The output of t h e  spectrophotometer obtained a t  a given temperature  

i s  a graph 

is de f ined  

of o p t i c a l  d e c s i t y  v s  wavelength, where t h e  o p t i c a l  d e n s i t y  

a s  

Incident  I n t e n s i t y  
Transmitted I n t e n s i t y  o p t i c a l  d e n s i t y  = log 

The t r a n s m i t t e d  i n t e n s i t y  w i l l  be less than  t h e  inc iden t  i n t e n s i t y  due t o  

s u r f a c e  r e f l e c t i o n s ,  bulk absorpt ion as desc r ibed  by Eq. (6) and Eq. ( 7 ) ,  

and so -ca l l ed  " f r e e  c a r r i e r "  absorpt ion.  Since w e  are i n t e r e s t e d  on ly  

i n  t h e  second of t h e s e  c o n t r i b u t i o n s ,  w e  wish t o  compensate f o r  t h e  re- 

f l e c t i o n  and f r e e  c a r r i e r  c o n t r i b u t i o n s .  W e  do t h i s  by no t ing  t h a t  below 

t h e  abso rp t ion  edge t h e s e  are t h e  only c o n t r i b u t i o n s  t o  t h e  sample absorp- 

t ion  and t h a t ,  i gnor ing  mult iple  r e f l e c t  i o n s ,  t h e i r  c o n t r i b u t i o n s  should 

remain r e l a t i v e l y  cons t an t  i n  t h e  r eg ion  of t h e  band edge. Hence t h e  

o p t i c a l  d e n s i t y  curve is co r rec t ed  by e x t r a p o l a t i n g  t h e  below-band edge 

abso rp t ion  t o  t h e  band edge region and s u b t r a c t i n g  t h i s  va lue  from t h e  

observed o p t i c a l  d e n s i t y  t o  get t h e  d e s i r e d  e l e c t r o n i c  c o n t r i b u t i o n  [Ref .  

21 . The absorpt ion c o e f f i c i e n t ,  def ined by I ( x )  = I e i s  t h e n  given 
-clX 

0 

by 
2.3026 

d 

log  10 e opt i c a l  dens it y , o p t i c a l  densi ty  = 
d a =  (9) 

w h e r e  d is  t h e  th i ckness  of t h e  sample. 
2 

G.  G. MacFarlane and V. Roberts, Phys. Rev., 97, 1714, i b i d . ,  95, 1865. - -  
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The measurements w e r e  made on a ga l l ium phosphide sample grown by 

the f l o a t  zone technique and s u l f u r  doped t o  0 .1  t o  0.2 ohm-cm resis- 

t i v i t y  a t  room temperature .  A t y p i c a l  (Qhv)112 vs hv curve is shown 

i n  Fig.  67 f o r  a temperature  of 400 "C. It i s  noted t h a t  whi le  t h e  p o i n t s  

28 1 
E 0 = 2 D 3 7 5  eV 
SLOPE 18) = 190.9 cni'eV-"' 

I 

PHOTON ENERGY hv (CV) 

FIG. 67. (CXhv)'/' VS hv FOR GaP SAMPLE AT 400 'C. 

f i t  a n i c e  s t r a i g h t  l i n e  a t  higher va lues  of Q, on t h e  low-energy end 

t h e  curve t a i l s  o f f  i n t o  an exponent ia l .  Figure 68 shows t h a t  f o r  over  

an order  of magnitude i n  absorpt ion i n  t h i s  t a i l  t h e  curve f i t s  an ex- 

ponen t i a l  very accu ra t e ly .  This 0 = Cy e 

absorp t ion  a t  low Cy i s  known a s  an "Urback t a i l "  and is  found i n  most 

of t h e  less-pure semiconductors.  The e f f e c t  he re  is t o  make it  impossible  

t o  see any d i s t i n c t  lower segmen t  of t h e  absorp t ion  curve  and hence t h e  

type  of dependence of hv /s 
0 

second technique mentioned f o r  eva lua t ing  E and E must be used. 
1 I.> Ph g 

The absorp t ion  curves  of (olhv)"" vs  hv f o r  va r ious  tempera tures  

a r e  shown i n  Fig.  69. The s lopes of t h e s e  curves ( squared)  a r e  p l o t t e d  

i n  Fig.  70 t o g e t h e r  wi th  t h e  "best f i t ' '  c o t h  E /2kT curve which is 

obta ined  f o r  E = 0.034 e v .  It should be noted t h a t  t h i s  va lue  of 

E 

s l o p e s  f a l l  below t h e  expected values .  The energy gap c a l c u l a t e d  u s i n g  

Ph 

Ph 
f i t s  t h e  p o i n t s  a c c u r a t e l y  o n l y  up t o  about 400 OC whereupon t h e  

Ph 
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FIG.  68. OPTICAL DENSITY VS hv 
FOR GaP AT 400 OC. 

FIG. 69. TRANSMISSION 
VARIOUS TEMPERATURES 

t h i s  value of phonon energy i s  graphed v s  temperature i n  F i g .  71.  For 

temperatures up to 400 OC t h e  energy g;ap r e l a t i o n  is  

-4 
E = 2.312 - 4 . 2  x 10 T e v  
g 
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FIG. 70. SEMILOG PLOT OF B2 AND 
COTH (0.034/2kT) PLOTTED VS 1/T 
DATA POINTS FOR GALLIUM PHOSPHIDE. 

Eg=2.312-4.2x10~' T cV 

2.40 c 

t 
' Id0 2dO 3d0 4dO 5bO 6 b O  7b0 8 b O  9 

TEMPERATURE ( O K )  

0 

FIG. 71. ENERGY C-AP VS TEMPERATURE FOR 
GALLIUM PHOSPHIDE. 

w i t h  a l l  po in t s  w i t h i n  0.005 e v  of t h i s .  

energy gap drops below t h i s  curve (about 0.028 e v  below a t  600 " C )  . 
A t  h ighe r  tempera tures  t h e  

E. DISCUSS ION 

The r e s u l t s  of t h e  measurements on t h e  GaP sample ag ree  ve ry  w e l l  

w i t h  the t h e o r y ,  perhaps even b e t t e r  t h a n  one would expect cons ide r ing  

- 8 -  



t h e  f a c t  t h a t  t h e  theo ry  discussed cons ide r s  on ly  one type  of a s s i s t i n g  

phonon whereas t h e  phonon d i spe r s ion  r e l a t i o n  is a c t u a l l y  q u i t e  complex 

and a number of d i f f e r e n t  phonons could  be involved i n  t h i s  t r a n s i t i o n .  

The f a c t  t h a t  t h e  s lope  d a t a  fo r  temperatures  between -50 OC and 400 OC 

can be f i t t e d  to good accuracy wi th  a s i n g l e  phonon energy i n d i c a t e s  t h a t  

i n  t h i s  temperature  range,  one phonon (or combination of phonons) pre-  

dominates i n  t h e  t r a n s i t i o n .  It is not p a r t i c u l a r l y  s u r p r i s i n g  t h a t  a t  

h igher  temperatures  (600 " C )  t h i s  might change somewhat. 

The only  s i g n i f i c a n t  v a r i a t i o n  of t h e  observed r e s u l t s  from t h e  theo ry  

is  i n  t h e  presence of t h e  exponent ia l  t a i l  on t h e  absorp t ion  curve.  This  

t a i l  i s  probably due t o  t h e  presence of impur i t i e s  i n  t h e  sample. One 

mechanism exp la in ing  t h e  production of such a t a i l  by charged i m p u r i t i e s  

has been d iscussed  by Redfield [Ref.  31. Redf ie ld  c a l c u l a t e s  t h e  e f f e c t  

on t h e  absorp t ion  c h a r a c t e r i s t i c  produced by h igh  electric f i e l d s  su r -  

rounding charged i m p u r i t i e s  ac t ing  on t h e  c r y s t a l  absorp t ion  through t h e  

Franz-Keldysh e f f e c t .  For t h e  case of a direct-bandgap material he f i n d s  

t h e  CX(E ) ( t h e  abso rp t ion  c o e f f i c i e n t  a t  t h e  energy gap) should vary 

a s  t h e  n ine  ha lves  power of t h e  charged impur i ty  d e n s i t y .  H i s  c a l cu la -  

t i o n s  a r e  i n  good agreement with t h e  measurements of Dixon and E l l i s  on 

InAs. Though t h e  exponent would probably be d i f f e r e n t ,  t h e  absorp t ion  

i n  GaP ought t o  be s i m i l a r l y  a f f e c t e d  by changes i n  concen t r a t ion  of 

charged impur i t i e s .  Since the number of charged i m p u r i t i e s  i n  GaP should 

vary  wi th  temperature  f o r  a reasonably deep impuri ty  l e v e l ,  

l i kewise  vary wi th  temperature.  In Fig.  72, CX(E ) decreases  propor- 

t i o n a l l y  t o  1/T which is what would be p red ic t ed  f o r  t h e  c o n t r i b u t i o n  of 

a s i n g l e  donor l e v e l .  S ince  t h e  theo ry  of t h i s  e f f e c t  i n  an i n d i r e c t  

t r a n s i t i o n  semiconductor has not been worked o u t ,  no f u r t h e r  c o r r e l a t i o n s  

a s  t o  energy l e v e l s ,  e t c . ,  is poss ib l e .  

g 

CL(Eg) should 

g 

In summary, t h e  agreement between t h e  measured band edge o p t i c a l  

absorp t ion  of ga l l ium phosphide and t h a t  p r e d i c t e d  from theory  is  q u i t e  

good. The va lue  of t h e  energy gap of 2.312 - 4 .2  x 10 T ev agrees  w e l l  
-4 

3D. Redf ie ld ,  Phys. Rev., 130, 916 (1963) .  
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w i t h  t h a t  ob ta ined  by o t h e r  workers [Ref.  41 .  The energy f o r  t h e  con- 

t r i b u t i n g  phonon(s) i n  t h e  t r a n s i t i o n  of 0.034 e v  is reasonab le  but 

s i n c e  neutron d i f f r a c t i o n  d a t a  on t h e  phonon spectrum is not a v a i l a b l e  

f o r  GaP it cannot be accura t e ly  checked. It is hoped t h a t  p u r e r  samples 

of GaP w i l l  become a v a i l a b l e  f o r  measurement t o  determine f u r t h e r  t h e  

e f f e c t  of i m p u r i t i e s  on t h e  observed exponen t i a l  t a i l .  

PROJECT 5006: EPITAXIAL GROWTH OF GaP 

National  Aeronautics and Space Adminis t ra t ion 
Grant N s G  555 
P r o j e c t  Leaders: J. L. Moll and G. L. Pearson 
S t a f f :  T. Koike 

The purpose of t h i s  p ro jec t  i s  t o  apply t h e  close-spaced e p i t a x i a l  

growth technique t o  GaP i n  order t o  s tudy  i t s  o p t i c a l  and e lec t r ica l  

p r o p e r t i e s .  

M .  Gershenzon, D. G. Thomas, and R.  E. D ie t z ,  Proc.  I n t e r n a t i o n a l  
Conference Semiconductor Physics ,  E x e t e r ,  1962, The I n s t i t u t e  of 
Physics  and t h e  Phys ica l  Soc ie ty ,  London, 1962, p. 752. 

4 
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GaP is t r a n s p o r t e d  t o  a GaAs s u b s t r a t e  as descr ibed  i n  t h e  previous 

r e p o r t .  The e p i t a x i a l  depos i t ion  s y s t e m  is shown i n  Fig.  73. The q u a r t z  

r e a c t i o n  tube  c o n t a i n s  t w o  carbon blocks and i n  between t h e s e  t w o  carbon 

blocks t h e  G a P  p o l y c r y s t a l l i n e  source  is sepa ra t ed  by 20 t o  40 m i l s  from 

t h e  GaAs s u b s t r a t e .  The temperature d i f f e r e n c e  is  set by t h e  r e l a t i v e  

p o s i t i o n  of t h e  r f  c o i l  and t h e  carbon b locks .  The amount of water  

vapor is c o n t r o l l e d  by pass ing  t h e  hydrogen over ice which is maintained 

i n  t h e  s a l t - i c e  bath.  

QUARTZ TUBE 

SAPPHIRE ROD 

FIG. 73. THE EPITAXIAL GROWTH SYSTEM. 

The system has been operated i n  most ca ses  wi th  cons ide rab le  success  

and s i n g l e  c r y s t a l  e p i t a x i a l  l a y e r s  of var ious  th i ckness  have been pro- 

duced. Some of t h e  grown c r y s t a l s  were t e s t e d  by t h e  Kossel l i n e  tech-  

nique and were found t o  be h igh-qual i ty  s i n g l e  c r y s t a l s .  Although w e  

have proved t h e  f e a s i b i l i t y  of t h i s  technique ,  w e  have not y e t  acqui red  

t h e  bes t  ope ra t ing  cond i t ions  because of many f a c t o r s  t o  be taken  i n t o  

cons ide ra t  i on .  Such f a c t o r s  are  : 

1. Source temperature  

2 .  S u b s t r a t e  temperature  

3. Temperature d i f f e r e n c e  

- 11 - 



4 .  Spacing 

5 .  F low r a t e  and water content of t h e  hydrogen gas 

6 .  Substrate composition, etc. 

Research on t h e  interdependences of these  fac tors  is being continued t o  

obtain a reproducible growing technique. 

The future work is  aimed at  e s t a b l i s h i n g  t h i s  technique and applying 

i t  to  the  e p i t a x i a l  growth of Gap As x (1-x). 
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PROJECT 5108: A STUDY OF GaAs P ALLOY x 1-x 

National Aeronautics and Space Administrat ion 
Grant NsG 555 
Project Leader: G.  L. Pearson 
S t a f f :  Yen-sun Chen 

The object ive  of t h i s  project is t o  evaluate t h e  o p t i c a l ,  e l e c t r i c a l  

and metal lurgical  properties  of the  GaAs P a l l o y .  Among evaluations 

of part icular  in teres t  t o  us are invest igat ions  of the c r y s t a l  structure 
x 1-x 
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and i ts  imperfec t ions  by t h e  Kosse l  l i n e  technique and by t h a t  of t h e  

la t t ice  absorp t ion  s p e c t r a  as t h e  mole f r a c t i o n  of GaAs, x, v a r i e s  

from 0 t o  1. 

Recent r e s u l t s  from measurements of l a t t i c e  absorp t ion  bands i n  t h e  

s p e c t r a l  r eg ion  between l o p  and 25p a r e  presented  h e r e .  These a r e  from 

samples of 75 percent  A s  and 18 percent  As, both from Merck Co.* 

The carrier concen t r a t ion  i n  t h e s e  samples is of t h e  o rde r  of 10 - 
1017 c m  n-t ype . The absorpt ion c o e f f i c i e n t  a! of t h e  75 percent  As 

sample is p l o t t e d  aga ins t  t h e  wave number i n  cm i n  Fig.  101, whi le  t h a t  

16 

-3 

-1 

of t h e  18 percent  As sample is shown i n  Fig.  102. 

WAVE LENGTH ( p )  
20 I5 
I I 

I I I 

WAVE NO cm-' 
500 600 700 I 

F I G .  101. LATTICE ABSORPTION BANDS 
O F  75 PERCENT A s  SAMPLE. 

WAVE LENGTH I + )  
20 15 
I I 150 

GIlP ---- 
LATTICE 
ABSORPTION 
BANDS 

I I I 

WAVE No. cm-' 
4m 500 600 700 I 
0. 

For convenience of 

0 

I) 

F I G .  102. LATTICE ABSORPTION BANDS 
O F  18 PERCENT A s  SAMPLE. 

%e 18 percent  A s  sample was borrowed fromH-P Assoc ia t e s ,  P a l o  Alto.  
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comparison, w e  have a l s o  p lo t t ed  i n  each f i g u r e  t h e  abso rp t ion  bands of 

GaAs and GaP [Ref .  11. 

i n  c m  . These samples w e r e  a l s o  checked f o r  t r ansmiss ion  i n  t h e  v i s i b l e  

r eg ion  t o  determine t h e  band gap; and by t h e  Kossel l i n e  technique t o  

determine l a t t i c e  constant  and de fec t  s t r u c t u r e .  

Each peak is  desc r ibed  by its measured wave number 
-1 

The fol lowing information is ob ta ined  from our d a t a :  

1. General ly ,  t h e  l a t t i c e  abso rp t ion  bands of GaAsxP1-x are a 

mixture of t h e  bands of GaP and GaAs i n  t h e  corresponding wave number 

r eg ion .  The peaks are s h i f t e d ,  however, t h o s e  of GaP towards lower wave 

number and t h o s e  of GaAs toward higher  wave number. 
-1 2. In p a r t i c u l a r ,  w e  see t h e  peak at 525 c m  (100 percent  A s )  has  

-1 
s h i f t e d  t o  532 c m - l  (75 percent 

As). 

has an exceedingly low absorpt ion i n  t h i s  r eg ion .  

A s )  and f u r t h e r  t o  533 c m  (18 percent  

There is no doubt t h a t  t he  peak a t  533 c m - l  is from GaAs s i n c e  G a P  

3. The peaks a t  604 c m - l  ( 0  percent  As) l e f t  out by Kleinman and 

S p i t z e r  [Ref. 21 i n  t h e i r  assignment of combination bands is st i l l  p resen t  

i n  t h e  GaP r i c h  c r y s t a l  but s h i f t e d  s l i g h t l y  t o  599 cm-'. 

t h e  604 c m - l  band must be c h a r a c t e r i s t i c  of GaP r a t h e r  t han  due t o  t h e  

molecular v i b r a t i o n s  of an u n i d e n t i f i e d  impuri ty  a s  suggested by Kleinman 

[Ref.  21. 

Thus w e  t h i n k  

-1 
4 .  The peaks a t  680 ern-', 708 cm-', and 719 c m  (75 percent  As) 

must be from t h e  peaks c h a r a c t e r i s t i c  of G a p ,  a s  again G a A s  has an ex- 

ceed ing ly  low absorpt ion i n  t h i s  r eg ion .  This  r e s u l t  l e a d s  us  t o  b e l i e v e  

t h a t  w e  w i l l  see a gradual  s h i f t  of a l l  peaks as t h e  va lue  of x v a r i e s  

from 0 t o  1 i n  t h e  mixture. This was not t h e  c a s e ,  however, i n  Brauns te in ' s  

work [Ref.  31 on Ge-Sj a l l o y s ;  t h e r e ,  t h e  combination bands become some- 

what smeared i n  t h e  region x s  .50. 

'See SEL QRR No. 8 on t h e  same p r o j e c t .  

2D. Kleinman and W. S p i t z e r ,  " In f r a red  L a t t i c e  Absorption of Gap," Phys. 
Rev., 118, 110, (1960) .  

3R. Braunstein,  " L a t t i c e  Vibration Spec t r a  of Ge-Si A l l o y s , "  Phys. Rev., 
- 130, 879 (1963) .  
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E a r l i e r  work by Braunstein,  Moore, and Herman [Ref.  41 showed t h a t  

t h e  equiva len t  temperature  of phonons involved i n  t h e  i n d i r e c t  band gap 

e l e c t r o n i c  t r a n s i t i o n  i n  Ge-Si a l l o y s  va r i ed  wi th  composition as shown 

i n  Fig. 103. They t r i e d  t o  i n t e r p r e t  t h e  r e s u l t  through shor t - range  

o r d e r  i n  t h e  c r y s t a l  la t t ice ,  but w e r e  unsuccessfu l  i n  g iv ing  any phys ica l  

reason  why t h e  S-shaped curve shown i n  Fig.  103 is followed r a t h e r  than  

any of t h r e e  o t h e r  curves  which w e r e  a l s o  de r ived  from t h e i r  model. 

4501 c I I 

3 
20 40 60 80 100 

25 Oo 

MOLE % SI IN 68 

FIG. 103. THE CHARACTERISTIC TEM- 
PERATURE OF PHONONS PARTICIPATING 
I N  THE NONVERTICAL TRANSITIONS I N  
Ge-Si ALLOYS AS DETERMINED BY 
BRAIJNSTEIN, MOORE, AND HERMAN [REF. 
41 FROM THE INTRINSIC ABSORPTION 
EDGES. 

From t h e  d a t a  by Braunstein [Ref.  31 on &-Si a l l o y  and t h a t  pre-  

s en ted  he re  on GaAs P i t  is apparent t h a t  t h e  short-range o r d e r  i n  

t h e  c r y s t a l  a s  proposed i n  Ref. 4 cannot e x p l a i n  our r e s u l t s ,  s imply 

because of t h e  f a c t  t h a t  t h e  corresponding modes of t h e  c o n s t i t u e n t s  of 

t h e  a l l o y  do not merge as shown by t h e  S-shaped curve.  In  f a c t ,  t h e r e  

w a s  no evidence t h a t  t h e  S-shaped curve  i n  R e f .  4 r e p r e s e n t s  a unique 

mode or combination of modes of l a t t i c e  v i b r a t i o n .  W e  a r e ,  i n s t e a d ,  i n  

x 1-x' 

4R.  Brauns te in ,  A. Moore and F. Herman, " I n t r i n s i c  Op t i ca l  Absorption i n  
Ge-Si Alloys,  " Phys. Rev., 109, 695 (1958) .  
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f a v o r  of t h e  assumption t h a t  c l u s t e r i n g  of G a A s  and GaP may ex i s t  through- 

out t h e  a l l o y  system and consequently,  t h e  v i b r a t i o n a l  modes a r e  charac- 

t e r i s t i c  of pure G a s  and GaP aggregates .  

It is known t h a t  both GaAs and GaP are somewhat i o n i c ,  t h u s  w e  should 

be a b l e  t o  d e t e c t  t h e  r e s t s t r a h l e n  band of t h e  mixtures a s  w e l l  a s  t h e  

combination bands. The r e s t r a h l e n  band is  due t o  t h e  c r e a t i o n  of long- 

wavelength o p t i c a l  phonons through i n t e r a c t i o n  wi th  t h e  r a d i a t i o n  f i e l d .  

W e  p l a n  t o  i n v e s t i g a t e  t h i s  point i n  o rde r  t o  e v a l u a t e  t h e  e f f e c t  of 

a l l o y  composition on t h e  long-wavelength phonons. 

In  t h e  coming q u a r t e r ,  we s h a l l  a l s o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of 

growing t h e  mixed c r y s t a l s  needed i n  t h i s  p r o j e c t .  The most promising 

method is  t h a t  r e p o r t e d  by Gibbons and Prehn [Ref .  51. This technique 

has two advantages:  1) i t  is  a s y n t h e t i c  method so t h a t  source-mater ia l  

is no problem, 

e x h i b i t  exceedingly high pu r i ty .  

2 )  m o s t  important of a l l ,  c r y s t a l s  grown by t h i s  method 

PROJECT 5109: EPITAXIAL GROWTH OF 1 1 1 - V  SEMICONDUCTOR COMPOUNDS 

National  Aeronautics and Space Administrat  i on  
Grant N s G  555 
P r o j e c t  Leader: G. L. Pearson 
S t a f f :  D. Chauvy 

The purpose of t h i s  p ro jec t  i s  t o  examine and c o n t r o l  t h e  c r y s t a l -  

l og raph ic  and e l e c t r i c a l  p r o p e r t i e s  of 1 1 1 - V  compound semiconducting 

m a t e r i a l s  grown e p i t a x i a l l y  by vapor d e p o s i t i o n .  Our i n t e r e s t s  have 

been concen t r a t ed  on t h e  compounds GaP and GaAs and on t h e  de t e rmina t ion  

of t h e  chemical r e a c t i o n s  involved i n  t h e  d e p o s i t i o n  of t h e s e  compounds 

from t h e  vapor phase.  

In o rde r  t o  o b t a i n  more information on t h e  chemical r e a c t i o n s  

involved i n  t h e  s y n t h e s i s  of GaP when Ga and PC1 a r e  used as s t a r t i n g  

m a t e r i a l s ,  t h e  s y s t e m  G a  ( excess )  - C 1  

abso rp t ion  a t  high temperatures.  The abso rp t ion  s p e c t r a  show abso rp t ion  

3 
has been s t u d i e d  by o p t i c a l  2 

5.J. F. Gibbons and P. Prehn, "Ep i t ax ia l  Vapor Growth of 1 1 1 - V  Compounds," 
TR NO. 4711-1, SEL, Oc t .  1963. 
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band systems which a r e  c h a r a c t e r i s t i c  of GaCl ( F i g .  104). 

t h e  33502 peak is a measure of t h e  concen t r a t ion  of GaC1. 

t i o n  wi th  tempera ture ,  t h e  equi l ibr ium cons tan t  f o r  t h e  r e a c t i o n  

The he ight  of 

From i ts  v a r i a -  

GaC13( g) + 2Ga( 1) H 3GaC1( g )  

has  been deduced as a func t ion  of tempera ture  ( F i g .  105) .  

WAVELENGTH [a) 

FIG. 104. OPTICAL DENSITY OF THE SYSTEM 
Ga(excess) - C l g  VS WAVELENGTH. 

Some of t h e  publ ished thermodynamical d a t a  f o r  t h e  ga l l ium c h l o r i d e s  

a r e  e i t h e r  u n c e r t a i n  or have been e m p i r i c a l l y  determined.  A s  t h e  equi -  

l i b r ium cons tan t  c a l c u l a t e d  from t h e s e  d a t a  [Ref.  13 does not f i t  our  

measurements, new va lues  have been deduced f o r  t h e  abso lu te  en t ropy  of 

GaCl gas  and f o r  t h e  en tha lpy  of GaCl gas .  3 

'R. R .  Fergusson and T.  Gabor, J. Electrochem. SOC. ,  111, 585, (1964) .  - 
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Specie This work  Fergusson & G a b o r  [ R e f .  11 

H0298 = -24.7 k c a l / m o l e  -16.2 k c a l / m o l e  GaC1( g)  f 

GaC13( g )  SO298 = 110 e . u .  79 .7  e .u .  
I w 

IO 

OUR DETERMINATION FROM 1 \ /OPTICAL ABSORPTION 1 \ ,/ SPECTRA 
5 

AFTER FERGUSSO 

4 
1.4 1.6 1.8 

F I G .  105. NATURAL II>WITIIM OF "HE 
EQUILIBRIUM CONSTANT FOR THE RE- 
ACTION GaC13(g)  + 2 G a ( l )  = 3 G a C l ( g )  

VS RECIPROCAL TEMPERATURE. 
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